The performance of a wind turbine includes the power, torque and thrust� This chapter describes the basic theory on determining the amount of energy captured by the rotor� The rotor thrust has great influence on the structural design of the tower� It is usually convenient to express the performance by means of non-dimensional, characteristic performance curves from which the actual performance can be determined regardless of how the turbine is operated, for example, at constant rotational speed or some regime of variable rotor speed� The blade element momentum theory, full computer simulation using Reynoldsaveraged Navier-Stokes method, Prandtl's analysis and advanced turbulence models are discussed�
Introduction
A wind turbine is a device, which extracts kinetic energy from the wind and converts it to torque at the shaft� Traditional wind turbines can be broadly classified into lift machines and drag machines� Drag machines typically make use of the drag force produced by wind to generate power, whereas lift machines utilise lift force to generate torque and hence power� Considering that modern aerofoils at appropriate angle of attacks have a lift to drag ratio of up to 200, lift machines usually have a much higher coefficient of power compared with drag machines� Typical methods available for aerodynamic modelling of wind turbines include those based on blade element momentum (BEM) theory, Navier-Stokes solvers or a hybrid methodology�
General methods
A broad understanding of the available energy and modes of operation can be obtained based on momentum theory based analysis of a wind turbine system�
Momentum theory
Momentum theory refers to the control volume analysis of the forces at the blade based on the conservation of linear and angular momentum, whereas blade element theory refers to the analysis of forces at a section of the blade, as a function of blade geometry� As mechanical energy can only be extracted from a change in kinetic energy and hence velocity of the wind stream, the wind velocity behind the wind turbine has to be less than the wind velocity in front of the wind turbine� This would imply an increase in area since the density change is insignificant� Utilising an actuator disc and stream-tube assumption as shown in Fig� 1, we can estimate the power conversion from a wind turbine� The mechanical energy that is extracted can be found by subtracting the available kinetic energy after the actuator disc from the initial free stream kinetic energy
By continuity equation,
Thus, eqn (2) yields as 
As per eqn (5), for power extracted to be maximum, v 2 has to be zero� But this is physically impossible since it would imply no flow across the turbine� Using conservation of momentum, the force exerted by the air on the disc can be expressed as
Assuming that the velocity of air in the disc plane to be ' v , the power required for moving the air at this velocity from the disc plane is
By combining eqns (5) and (7),
Hence,
And mechanical power output forms the disc ( ) ( )
The coefficient of power C p is defined as the ratio of extracted power to the available power� r r
By rearranging the terms,
The induction factor 'a' is defined as
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The torque coefficient is estimated as ( )
Betz limit
For maximum power extraction, p 2 1 dc / d(v / v ) has to be zero, which implies for maximum power output This maximum value for coefficient of power , which is the ability of wind turbine to extract energy from free stream wind was first predicted in 1915 by Lanchester [2] � In 1920, both Betz and Joukowsky derived this maximum efficiency independently of each other and unaware of Lanchester's work� See Fig� 2 for rotor power coefficients for other wind turbines� This limit has been popularly known after Betz and it is, therefore, frequently called as 'Betz factor' or 'Betz limit'� Betz limit indicates the physically based, ideal limit value for the extraction of mechanical power from free stream airflow without considering the design of the energy converter� In practical cases, a rotating energy converter will additionally impart a rotating motion, a spin, to the rotor wake� To maintain the angular momentum, the spin in the wake must be opposite to the torque of the rotor� The energy used for this spin reduces the useful portion of the total energy content of the air stream� This further reduces the coefficient of power from Betz's limit and power coefficient now becomes dependent on the ratio of the energy components from the rotating motion and the translatorial motion of the airstream� This available power is further dependent on the ratio of the rotational velocity of the blade to the free stream wind velocity� This ratio is called the tip speed ratio λ
States of operation of wind turbine
Typical wind turbine operation happens at or close to design or optimum conditions for power extractions� However, other states of operation can also occur� The theory of the states of operation of a rotor was first proposed by Glauert [3] � See Fig� 3 for rotor states� A good description of these states of operation can be found in work by Hansen et al� [4] � The angle q¢ is the blade pitch angle and q¢ is the relative wind angle� If the pitch angle is greater than the relative wind angle, then the rotor acts a propeller and energy is imparted on the fluid particles� This implies that energy has to be supplied to the rotor to maintain a constant rotation speed� Typical design operation for wind turbines occurs in the windmill state with the wind turbine generating power from the wind� This state is characterised by the blade pitch angle being positive and equal to or less than the relative wind angle� This implies a positive angle of attack and corresponds to an induction factor of 0 < a < 0�5� Momentum theory is valid in this region� For most practical wind turbine blade designs, the flow induction factor rarely exceeds 0�6 and is close to 0�33 in the operational range for a well-designed blade� For induction factor values of a > 0�5, momentum theory is no longer valid and torque and power does not follow the momentum theory curve� This stage represents the rotor of a helicopter�
The vortex ring state is a highly unsteady state characterised by collection of tip vortices around the blade tip in a doughnut shape as a vortex rings; the periodic vortex shedding at the blade tips and reformation of the vortices� The propeller break state happens for an induction parameter of a > 1� This state is characterised by the pushing back of flow against the direction of the wind� This state is similar to the powered descent of a helicopter� 3 Available methods for aerodynamic modelling of wind turbines
Blade element momentum theory
Typical wind turbine performance analysis is done based on BEM theory� BEM is also referred to as Strip theory� The BEM theory is based on the premise that the forces acting on the wind turbine blades are solely responsible for the change in axial momentum of the air passing through the swept area of the blades� BEM analysis is a combination of results from blade element theory and momentum theory� Blade element theory refers to the analysis of forces at a section of the blade, as a function of blade geometry� The blade is split into sections or strips along the length of the blade and each section is analysed separately� The results are combined at the end to provide a total power output for the turbine blade� This usually involves using either 2D CFD methods or experiments to produce look-up tables for airfoil lift and drag data at different angles of attack� A large number of comprehensive computer codes, which use this methodology, are currently maintained by National Renewable energy Laboratory (NREL)� These can be found documented by Buhl blind comparison with the NREL Phase VI experimental data taken in the NASA Ames 80 ft by 120 ft wind tunnel, the BEMT power predictions differed from the experimental data by 25% to 175% 'under no-yaw, steady-state, and no-stall conditions'� Results at higher wind speeds in stall were especially disappointing with power predictions ranged from 30% to 275% of measured and blade-bending predictions ranged from 60% to 125% of measured [7] � More recent studies since the original comparison, however, have been able to match the experimental data from the Phase VI or MEXICO [8, 9] experiments reasonably well [10] � In BEMT models, the largest source of inaccuracy is often the airfoil data used in design� This can be due to limited airfoil data either at the appropriate Reynolds number or in the stall region�
Effect of finite number of blades
Basic BEM theory based analysis assumes that there are sufficient wind turbine blades such that all fluid particles passing through the rotor disc region interacts with a blade and hence leads to same loss of momentum for all fluid particles� However, with only a finite number of blades in a rotor not all particles will interact with the blade and majority will pass between the blades� This will lead to a momentum loss which is dependent on the position of the fluid particle relative to the blades� This creates an axial velocity that will vary around the blade disc� Hence, axial momentum change in the flow will be determined by the average value and the forces determined by local value of axial induced velocity around the blades�
Tip-loss factor
Tip-loss is another factor that is not included in the simple BEM based analysis� The flow approaching a rotor plane is slowed down at the blade and has to move radially to expand and conserve mass flow rate� Hence, flow is not strictly axial and has a radial component in front of the blades, which arises because of the radial pressure gradient with pressure decreasing radially until it matches atmospheric pressure at the tip� The radial momentum change at any point has to be balanced by an equal and opposite change at a diametrically opposite point in the rotor plane� The maximum radial velocity will be at the rotor tip� However, this kinetic energy associated with the tip radial velocity is not available for energy capture since this does not affect the aerodynamic forces on the blade� If no tiploss is considered, the optimum axial flow induction factor is uniformly 0�33 over the whole swept rotor� However, in the presence of radial flow at the tip, the value of axial induction factor reduces to zero at the edge of the wake, but is a much higher value near the tip� The tip-loss is usually included in the analysis using a factor called Prandtl's tip loss factor� A mathematical derivation of Prandtl's analysis is beyond the scope of this chapter; however, a closed-form solution of the result can be shown to be 
BEM theory application
Due to the simplified approach to the power and performance prediction based on 2-D airfoil results, these methods, while being computationally efficient, are usually incapable of accurately modelling three-dimensional effects, tower shadow effects and sweep effects� These effects can have significant effect on power generation and pressure distributions on the turbine blades and will not be captured in BEM methods� However, the simplicity and the lower computational cost make BEM an ideal candidate for design and analysis of wind turbines in the industry� Researchers are trying to increase the accuracy of the combined BEM methods by combining the traditional BEM theory with unsteady potential flow theory and dynamic stall models thus increasing the accuracy in the stall and post stall regime� Generalised actuator disc method, which is an extension of BEM method, integrated with an Euler or N-S method has been used by several researchers [11] [12] [13] � A wide variety of aerodynamic methods that range from actuator-disc models requiring the use of tabulated airfoil data to models based on the solution of the full unsteady 3-D Navier-Stokes equation� The advantage of using generalised actuator-disc models is that they are easy to implement, include physical representation of rotor aerodynamics and achieve accurate results� Their main limitation is that blade geometry is not resolved: when computing the flow past actual wind turbines, the aerodynamic forces acting on the rotor are determined from twodimensional airfoil characteristics, corrected for three-dimensional effects�
Navier-Stokes solutions
For many years, the momentum theory, as applied to propellers and combined with a blade-element strip theory approach, has been the most popular model for load and performance predictions for wind turbines [14, 15] � The Navier-Stokes method solves the flow-governing equations directly� This allows for correct prediction of flow field around the turbine and behind it without a prior knowledge of the airfoil and section properties� This method also allows for the analysis of all modes of operation of the wind turbine including wind speeds and flow regimes� However, this method is also very computationally expensive� With regard to wakes, most studies have made a distinct division between the near-wake and far-wake regions; the connection between the two regions is not yet completely understood� The region behind the rotor, of up to three diameters downstream is considered as near wake� Here, the effect of the rotor is predominant� The near-wake region is characterised by an intense turbulence generated by the blades, shear and the degradation of tip vortices transporting a wide range of length scales� The far wake is the region beyond the near wake� The objective of most models in the far-wake region is to evaluate the influence of wind turbines in farms� Turbulence modelling presents a key issue for predicting the complete wake, from the near-wake region just behind the turbine to the far wake� Within the framework of eddy viscosity turbulence closure modelling, good predictions of the mean and turbulent flow fields rely on reasonable descriptions of the turbulent length scale and velocity scale inside the flow� Detached Eddy simulation methods that solves for a two-equation turbulence model near the blade and a large eddy simulation (LES) model further away from the blade are being used frequently by many researchers to reduce the computational costs associated with a full LES solver� Le Pape and Lecanu also used a structured multi-block solver to compute the flow over a single blade, in a non-inertial rotating reference frame [16] Navier-Stokes (RANS) turbulence model, which generally performs well for separated flows, was used; however, the torque at moderate to high wind speeds was drastically under predicted due to early stall onset� See Fig� 5 for an iso-vorticity of an instantaneous flow over a turbine with approaching wind speed of 6�7 m/s�
In 2007, Zahle et al� applied an incompressible overset method to model rotortower interaction on the downwind Sequence B NREL-VI configuration� Due to bluff body vortex shedding by the tower, this was clearly a situation that called for a timeaccurate, full Navier-Stokes method� The computations are carried out using the structured grid, incompressible, finite volume flow solver EllipSys3D, which has been extended to include the use of overset grids� The major physics of the bladewake interaction were captured well� Agreement with experimental data was reduced at higher wind speeds, an effect attributed to the k-ω SST turbulence model� At moderate wind speeds, agreement with experimental data was closest through the midspan of the blade, where the flow is more nearly two-dimensional� The results show that the rotor has a strong effect on the tower shedding frequency, causing under certain flow conditions vortex lock-in to take place on the upper part of the tower�
Hybrid methods
The high cost of Navier-Stokes based solvers has driven researchers towards a zonal approach to the solution of wind turbine aerodynamics� This approach combines the robustness and accuracy of the Navier-Stokes solvers and low cost of computation of potential flow solvers� The computational domain is split into three regions:
1� A viscous region around the wind turbine blade where RANS solvers are utilised� This offers considerable savings in computational work over a full Navier-Stokes analysis� Xu and Sankar used a hybrid method to study the NREL Phase II and III rotors [17] (see Fig� 6)� In this approach, the costly viscous flow equations are solved only in a small viscous flow region surrounding the rotor� The rest of the flow field is modelled using a potential flow methodology� The tip vortices are modelled using a free wake approach, which allows the vortices to deform and interact with 
Conclusions
This chapter summarises some basics to advanced methods for predicting wind energy characteristics� Some methods introduced are the BEM theory, full computer simulation using RANS method, Prandtl's analysis and advanced turbulence models�
